Recently an interesting multi-ferroic system PbVO 3 [Chem. Mater. 2004] was successfully prepared using a high-pressure and high-temperature technique. The crystallographic features were reported. In this note we concentrate on the theoretical XANES spectra by considering the K-edge of Vanadium. The tetragonality [c/a=1.229 at 300 K] of PbVO 3 is the largest in the PbTiO 3 family of compounds. Thus one is led naturally to examine the effect of the change of tetragonality and the axial oxygen position on the electronic structure [i.e. XANES spectrum]. We study this effect in two ways. At a given temperature we vary the tetragonality and the axial oxygen position and quantify it in terms of XANES difference spectrum. Secondly, we compute the XANES spectra at three different temperatures, 90 K, 300 K, and 530 K and quantify the change in terms of the difference spectrum. We note that in this compound the tetragonality increases almost monotonically with temperature from 12 K to 570 K without transition to the cubic phase under ambient pressure. A key objective of the current investigation is to gain an understanding of various absorption features in the vicinity of K-edge of V, in terms of valence, local site symmetry, local coordination geometry, local bond distances, charge transfer, and local projected density of states. We consider both the polarized and the unpolarized XANES spectra. In short we have performed a local electronic study, which nicely complements the crystallographic features reported recently in PbVO 3 .
Introduction
Using high-pressure and high-temperature techniques, PbVO 3 has been synthesized by Belik et al. [1] , and Shpanchenko et al. [2] .
One of the most interesting feature of PbVO 3 is its large tetragonality [c/a=1.229 at 300 K] in comparison to that of PbTiO 3 [c/a=1.064 at 300 K]. The large tetragonal distortion implies that it will have also a sizable polarization, P s . Indeed a rough calculation [1] employing the ionic model gives a value close to 100 µC/cm 2 . This is to be compared to P s =81 µC/cm 2 at 300 K for PbTiO 3 , P s =26 µC/cm 2 at 300 K for BaTiO 3 , and P s =37 µC/cm 2 at 543 K for KNbO 3 , in the same family of compounds. It is well-known and reasonable to expect that ferroelectricity in ionic crystals is correlated with crystal structure distortion. The basic reason is simple, polarization is directly caused by the atomic displacement. A very well-known example is PbTiO 3 , a perovskite-type tetragonal crystal structure, space group P4mm at 300 K and a simple cubic structure above 763 K. More interesting is the phenomenon, when a material exhibits two or all three of the properties of (anti)ferroelectricity, (anti)ferromagnetism, and (anti)ferroelasticity. It is well-known that as the region close to the x-ray near edge is scanned in energy, the ejected photolectron sequentially probes the unoccupied electronic levels of materials. This results in a fine x-ray absorption near edge structure [XANES] , within roughly 30-50 eV of the threshold. XANES thus contains useful chemical and structural information.
The main point is that this region is dominated by strong photoelectron scattering. Thus it is highly non-trivial to develop a code to take into account the multiple scattering which dominate the XANES region. Perhaps one of the most elegant XANES code is the FEFF8 series [3, 4] . This ab initio based on the real-space multiple scattering [RSMS] and one of its several advantages is that it applies to both periodic and aperiodic systems.
Thus the purpose of this note is to concentrate on the theoretical calculation using the updated version of FEFF8, i.e. FEFF8.20 [4] , for the PbVO 3 , using the crystallographic data reported recently by one of us [1] . In particular we calculate the near edge spectra of this system for several cases of interest. In addition we also study the near-edge structure for the in-plane and out of plane cases.
Here we report on our results of PbVO 3 , for the P4mm phase. The calculated XANES spectra are remarkably self-consistent. We have performed several cross-checks in addition to the Self-Consistent-Field [SCF] cycles used in FEFF8 to obtain high level accuracy. It is to be noted that the calculations are based on SCF one-electron Green's function approach, where many-body effects are taken into account in terms of final-state potentials and a complex energy-dependent self-energy. In this scattering theoretic approach the structure in XANES is correlated with projected density of states [pDOS] .
Another aim is to provide a concrete example of the application of XANES and DOS calculations using FEFF. Indeed, although FEFF is a powerful code, its self-consistency must be demonstrated by applications to real systems systematically. Moreover by actual calculations one can illustrate advantages and disadvantages, and thus find ways of improving the code. This paper is organized as follows, in the next section we outline some basic points about the multiple scattering calculations based on the FEFF8 code. In section three the results and discussion of our study of PbVO 3 are given using the FEFF8 code. The final section contains the conclusions.
Multiple Scattering via FEFF8
It is well-known that XANES refers to roughly the 40-50 eV region near the edge of X-ray absorption spectroscopy [XAS] . The main point is that this region is dominated by strong photoelectron scattering. Thus it is highly non-trivial to develop a code to take into account the multiple scattering which dominate the XANES region. Perhaps one of the most elegant XANES code is the FEFF8 series [3, 4] . This ab initio based on the real-space multiple scattering [RSMS] and one of its several advantages is that it applies to both periodic and aperiodic systems. In this approach the self-consistent field [SCF] calculations for both the local electronic structure and x-ray absorption spectra are implemented. It is important to note that the full-multiple scattering [FMS] is taken into account for a "small cluster" of atoms plus the higher-order multiple scattering from scatterers outside the said cluster. Some of its main advantages are: SCF estimate of Fermi energy, orbital occupancy and charge transfer.
In this note we concentrate mainly on giving the µ(E) and the difference µ(E) spectra. The value µ(E) is the main quantity in XANES. Here we look at the basic definitions restricting ourselves to brief comments. As is well-known the primary quantities with which XANES calculations are concerned are µ,µ 0 , χ, and ρ li (E) [3] 
We note that the prime is here for clarity since it reminds us that it denotes final state quantities in the in the presence of screened hole. The central quantity in X-ray Absorption Spectroscopy [XAS] is the absorption coefficient µ(E). As is known there is a close and deep connection between XAS and electronic structure, which is indicated and implied by the resemblance of the contribution from a site, i and orbital angular momentum l and the local l-projected electronic density of states [LDOS] at site i
We provide, a concrete example of this inter-relationship between absorption and LDOS in Fig. 4 . It is clear that the main features or peaks of the two quantities, absorption and LDOS strongly resemble each other, as they should. Incidentally, this provides an independent check on our calculation. However, it is important to bear in mind that the since core hole plays a significant role in calculation of XAS, the similarity between XAS and LDOS cannot be regarded as an absolute.
It is important to keep in mind that FEFF method starts from the most fundamental quantity i.e. the Real Space Green's Function and constructs the physical quantities of interest from it [3, 4] . This is one of the code's main attraction since unlike band calculations it does not depend on symmetry. In this sense it is ideal for cluster physics 1 . In the shorthand notation the MS expansion can be written as [3] 
where G SC represents the self-consistent Green's Function and t the scattering t matrix. It is clear that in FMS we can implicitly sum Eq.3 to all orders by using matrix inversion, i.e.
as it follows simply from the form of Eq.3.
Results and Discussion
Let us now give the results and analysis of our calculated theoretical results using FEFF8.20. The major input we use is the crystallographic and positional information refinements recently given by one of us [1] . This information is available at 90 K, 300 K and 570 K and for convenience is listed in Table I .
For the purposes of this note we consider the XANES results, where we consider all the atoms upto the distance of 7Å, from the central or core atom, i.e. V. The exact enumeration is given in Table II for the case, when the temperature is 90 K. The distances from V are calculated with Atoms [version 3.0beta10] program [5] . A total of 110 atoms including the central atom are included in the current XANES calculation, Table II . The shell and atom numeration for temperatures 300 K and 530 K are respectively given in Tables III and IV. From Tables II-IV , several points are immediately clear. We can clearly see that V atom is five-fold coordinated, with axial oxygen atoms asymmetrically situated. In other words, there is a very strong octahedral distortion with one very short Vanadyl V-O distance. Thus the axial oxygen distances in PbVO 3 are much further apart compared to PbTiO 3 . This information is summarized as a comparison of PbVO 3 and PbTiO 3 in Table  V . The oxidation state of the five-fold coordinated V can be readily be estimated by using the relation Z = 25.99 − 11.11l V −OP [6] and the value of V − OP = 1.98583Åfrom Table V, this gives Z=3.9274. Thus V has an average valence of approximately 4+. We expect this strong five-fold coordination to effect the electronic properties, and this is shown to be the case as we show below.
The main input file for FEFF8.2 is generated by Atoms and analysis is done with Athena [5] [version 0.8.037].
Typical XANES spectra for the three different temperatures 90 K, 300 K and 530 K are given, respectively in Figs. 1-3. These are labelled by µ u for the unpolarized, by µ ab for the polarized case representing the ab-plane and by µ c , when the E vector is parallel to the c-axis.
In Fig. 4 the XANES spectrum is compared with the corresponding projected density of states. The agreement is quite good, showing the correctness of our calculations.
In Fig. 5 the XANES spectra for the two cases, I and II are given using the 90 K input data. Intuitively, one expects that if the axial oxygen position is changed, one would see the consequence of this change in the local electronic structure, i.e. the XANES spectra. In the example given in Fig. 5 we took the apical oxygen fractional z-coordinate as δz V −OA = 0.1612 and labelled this as case I. For comparison we note that the corresponding values of axial oxygen are δz V −OA = 0.1138 at room temperature for PbTiO 3 and δz V −OA = 0.2087 and δz V −OA = 0.2102, respectively at 90 K and 300 K for PbVO 3 , Table I . Thus, for illustration we took an intermediate value between that of PbTiO 3 and PbVO 3 for this quantity, to see how it would effect the electronic structure. Incidentally, one would also expect roughly this value for the fractional z-coordinate for the system PbV 0.5 Ti 0.5 O 3 , which has not been fabricated yet. It would be useful to fabricate PbV 0.5 Ti 0.5 O 3 , since it could provide further insight between distortion and multi-ferroic behaviour in these and related systems.
We also expect that varying the tetragonality [c/a] at a given temperature will also effect the XANES spectrum. Indeed this turns out to be the case. Table VI .
In order to quantify the change in XANES spectra, as a result of the temperature change , varying the axial oxygen position and the tetragonality at a given temperature, we calculate the difference spectra of the cases with respect to the spectra at 90 K.
The results for difference spectra for the temperatures 300 K and 500 K data with respect to 90 K data are shown in Fig. 6 .
The difference spectra which result when the axial oxygen position and tetragonality is varied are illustrated in Fig. 7 .
Let us consider first some general remarks as a guide to the reader on Vanadium K-edge [7] in the context of Vanadium oxides, in order to motivate the spectra shown in Figs. 1-3 and 5. It is known that V forms a series of oxides VO , V 2 O 3 , V 4 O 7 , V 2 O 4 and V 2 O 5 over a range of formal oxidation states. In V K-edge XANES/ELNES in these oxides, one observes a pre-edge absorption feature which is strongest in V 2 O 5 , followed by weak feature/shoulder on a rising absorption edge, which culminates in a strong peak approximately 20 eV from the Fermi energy. It is known that the strong peak is assigned to dipole-allowed transition 1s −→ 4p, the weak shoulder/feature as a shakedown transition representing the 1s −→ 4p and the pre-edge or near-edge feature near the threshold as a forbidden 1s −→ 3d. The features/peaks arising at higher energies than the main 1s −→ 4p transition are more difficult to be specific about. These features may arise from transition to higher np states, multiple scattering and/or shape resonances.
From Figs. 1-3 and 5 we can clearly see five features or peaks. The first peak P1 can be referred to as the edge peak, since it just above the Fermi energy. This feature is present in all the cases. However, there are some interesting points to note, regarding this peak. First of all, the dependence of this peak on the distortion of the local structure around V atom, is evident from our calculation of the different cases. It does not disappear with temperature, since the distortion is present at higher temperatures, in contrast to what would happen in case of centrosymmetric structures. The position of P1 also remains close to approximately 5469.1 eV, Table VI , for all the cases considered here, with the exception of case II, where it is slightly differently located at roughly 5469.4 eV. In order to show and quantify that the distortion and ultimately multi-ferrocity is caused by the asymmetric positions of the axial oxygens, we calculated the polarized XANES data along the c-axis and ab-plane. It is clear from Figs. 1-3 that the main contribution to distortion comes from the c-axis spectra. Thus the unpolarized data µ u , which is an average of all the polarizations, receives most of the contribution for P1 from the c-axis. In contrast the ab-plane spectra exhibits P1 to a much lessor degree. These points are cleared further by examining P1 in the 530 K spectra, here P1 is quite weak [WF] for the ab-plane data, which effects the polarization average data, so that after averaging P1 appears as a weak [W] feature in the unpolarized spectra, in contrast P1 remains a strong feature in the c-axis spectra.
The strong dependence of the XANES/ELNES on the local distortion is clear not just from P1, but the entire spectrum. For example, P4 [the dominant post edge peak at roughly 5487 eV, is nearly absent for the most non-centrosymmetric case, i.e. the c-axis spectra, Table VI and Figs. 1-3 , where we have labelled it as very weak feature [VWF] . P4 would be very large for centrosymmetric case. In short, it anti-correlates with distortion, in contrast to P1 which correlates with deviation from centrosymmetry. On the basis of our data, we can also conclude that P5 also correlates with distortion. The "shakedown" peaks P2 and P3 are quite robust and only P2 slightly weakens at 530 K, Table VI .
Yet another interesting result of our calculation is that P1 arises, due to the hybridization between the p and d orbitals of the absorber, an effect which is forbidden for centrosymmetric structure but increased by local distortions. This effect is known for PbTiO 3 [3] , but for PbVO 3 it seems to be very pronounced. This is expected due the much bigger tetragonality of the PbVO 3 compared to PbTiO 3 . But our calculations explicitly demonstrate it and further quantifies it in terms of the electronic near edge structure.
The results for the two cases I and II, are displayed in Fig. 5 , the five peaks/features are apparent again. The exact positions of the features are listed in Table VI . It is interesting to note that for case I the peak P4 is dominant compared to P1, whereas it is reversed in case II, Fig. 5 . Thus once again we see the anti-correlation of the two peaks P1 and P4, as discussed above. Once again the "shakedown" peaks P2 and P3 are present. In order to further quantify the near edge electronic structure we have taken the difference spectra, of all the unpolarized cases discussed here, relative to the 90 K spectra. The results are displayed in Figs. 6-7 . The percentage change in tetragonality in going from 90 K to 300 K and 530 K, Table I , is approximately 0.6% and 0.9% respectively, with respect to the former. This translates into approximately 4% for the 300 K case and about 10.5% for the 530 K, as can be seen from the difference spectra, Fig. 6 , by considering the maximum peak to peak variation. This clearly shows that we can correlate small changes in tetragonality to the local electronic behaviour. Let us turn to Fig. 7 , where for case II, the tetragonality was chosen as c/a=1.1447, which is 6.4 % smaller than that of PbVO 3 relative to the latter, at the same temperature of 90 K. The change in the corresponding difference spectra is large, as expected, average variation being on the order of 20%. This shows that by taking tetragonality roughly between that of PbTiO 3 and that of PbVO 3 , we can account for the large difference between their electric polarizations, which is incidentally also on the order of 20 %, albeit at different temperature of 300 K. For case I, where we attempted to simulate a behaviour between PbTiO 3 and PbVO 3 , by taking the z-coordinate of the axial oxygen roughly between these two systems, keeping the tetragonality at the same value as PbVO 3 , we see an average percentage change of 30 % relative to the PbVO 3 at the same temperature. In particular variation is large in region of peak P1, as expected in lieu of earlier comments, since the more the deviation from perfect octahedral symmetry, the bigger the effect, clearly the PbVO 3 at 90 K has δz V −OA = 0.2087 to be compared with δz V −OA = 0.1612 for case I, at the same temperature. This represents a percentage change of roughly 23 % in the δz V −OA value relative to the measured PbVO 3 at 90 K. In order to see how this effects the difference spectra, we can examine the P1 region in Fig. 7 for case I. Incidentally the change is around 23 %, which is consistent with percentage change of δz V −OA .
The charge transfer and occupational orbital numbers are given in Tables VII and  VIII . These results can be used to analyze the varying influence of the oxygen environment on the electronic structure of different transition-metal atoms in general, and in particular in the perovskite structure of our interest. Here we only concentrate on a comparison between PbVO 3 and PbTiO 3 , leaving a more detailed comparison between several related materials for future work. The case of PbTiO 3 has been calculated in some detail for the purposes of comparison, since it possesses the largest tetragonality among the previous known members of this family. We see that the charge transfer for the oxygen atom in the PbVO 3 changes by approximately by 28.9% relative to the PbTiO 3 case at 300 K. For the Pb atom one see a change of roughly 16.3 % compared to that in the PbTiO 3 system. We note that for each case, the net charge transfer cancels to within ±0.001, which provides a useful and a simple test for our calculations.
The exact location of all the peaks is displayed in Table IX . Both the positive and negative features are presented for obvious reasons. We can immediately see that difference spectra shows the largest variations, and peaks roughly at the positions P1, P2, P3, P4 and P5, discussed above. This is not surprising, but clarifies the differential behaviour of each peak region for the unpolarized spectra given in Figs. 1-3 and 5.
Conclusions
We have for the first time given the XANES study of the newly fabricated PbVO 3 .
• The spectra for three important cases and the difference spectra have been calculated and presented here. It is demonstrated that electronic structure shows a calculable change in the temperature range 90 -530 K. This is expected since the c-lattice parameter increases almost linearly with temperature, whereas the a and b lattice constants remain unchanged.
• Roughly speaking all the spectra show five peaks or features in the XANES region.
• We found that by taking polarization into account, we can clearly see the origin and the dependence of peaks and features and their sensitivities, on ab-plane or c-axis. This also allows us to trace back the origin of peaks/features in the unpolarized spectra to the ab-plane and/or c-axis.
• Charge transfers and electronic orbital occupation numbers have been calculated for several cases of interest. We have also given a comparison of charge transfer and orbital occupation numbers between PbVO 3 and PbTiO 3 . For example, we find a change of approximately 28.9% in the charge transfer of the oxygen atom in going from the PbVO 3 to the PbTiO 3 with respected to the latter, for the 300 K data.
• The difference spectra confirms the previous observations and results, and further correlates the percentage changes in tetragonality and δz V −OA directly to the variations observed in the difference spectra. We can also account roughly for the change in electric polarization between PbVO 3 and PbTiO 3 , by looking at how changes in tetragonality and axial-oxygen deviation from ideal position correlate to the variation in the near edge electronic structure. The difference spectra allows us approximately to translate these into percentage changes.
From these calculation and analysis we can conclude that is possible to quantify the electronic structure of PbVO 3 by using the near edge structure. 
